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Doping dependence of the spin fluctuations and the electron correlations in the effective five-band
Hubbard model for iron pnictides is investigated using the fluctuation-exchange approximation. For
a moderate hole doping, we find a dominant low-energy spin excitation at Q = (pi, 0), which becomes
critical at low temperature. The low-energy spin excitations in the heavily hole-doped region are
characterized by weak Q dependence. The electron doping leads to an appearance of a pseudogap in
spin-excitation spectrum. Correspondingly, the NMR-1/T1 relaxation rate is strongly enhanced on
the hole-doped side and suppressed on the electron-doped side of the phase diagram. This behavior
can be to large extent understood by systematic changes of the Fermi-surface topology.
PACS numbers: 74.20.-z; 74.25.Jb; 74.70.Xa; 76.60.-k; 78.70.Nx
I. INTRODUCTION
The recent discovery of iron-pnictide superconductors
with high transition temperatures (Tc),
1,2 some over
50K,3 has provoked an intense research. The appearance
of high-Tc superconductivity in a close proximity to the
anti-ferromagnetic (AF) phase, induced by a carrier dop-
ing and an applied pressure, reminds of the cuprates and
the heavy-fermion superconductors. The sign-reversing
s±-wave state with the pairing glue of AF fluctuations
has been suggested as an explanation of the observed
superconductivity.4–11 The NMR12–22 and the neutron-
scattering experiments23–27 revealed in detail the evolu-
tion of magnetic excitations with the carrier doping, in
particular the presence of the strong AF fluctuations in
the hole-doped systems and opening of a (pseudo)gap
for the electron doping. The uniform susceptibility has
shown puzzling linear increase over a broad temperature
range, which does not match with the two common lim-
its, T -independent for weakly interacting electrons and
1/T for local moments. The effect of electron correlations
has been observed and quantified by means of the angle-
resolved photoemission spectroscopy (ARPES),28 the op-
tical spectroscopy,29 and de Haas-van Alphen (dHvA)
experiments.30,31 The accumulated knowledge suggests
that understanding the changes of spin dynamics and
electronic correlations with the carrier doping provides
the key to the superconducting-paring mechanism.
Previously, one of us (H.I.) studied the doping and
temperature dependence of the single-particle spectra
and the NMR-1/T1, applying the fluctuation-exchange
(FLEX) approximation to an effective five-band Hubbard
model, obtained for the band structure of LaFeAsO.7
This early study succeeded in predicting the enhance-
ment of the AF spin fluctuations on the hole-doped side,
but also revealed a problem with double counting the in-
teraction effects in the multiband systems. Straightfor-
ward addition of the FLEX self-enenrgy leads to redis-
tribution of orbital occupancies from their LDA values
accompanied by drastic changes in the Fermi surface and
the spin fluctuations in contrast to experimental observa-
tions. In the preceding papers,32,33 we have investigated
this point in detail and proposed a way around, subtrac-
tion of a static part of the self-energy, together with phys-
ical argument supporting this ad hoc procedure. With
this modification, we now can apply the FLEX approxi-
mation over wide ranges of carrier doping and tempera-
ture.
Here we employ the modified FLEX scheme33 to study
the effect of varying electron concentration on spin-
fluctuations in the five-band model of iron pnictides
and compare it with the experimentally observed trends
across the pnictide series. In order to single out the ef-
fect of carrier doping we do not construct precise tight-
binding models for each individual compound, but use
the parameters obtained for LaFeAsO.34 The calculations
capture the common features in the series of iron-pnictide
superconductors derived from LaFeAsO and BaFe2As2.
II. MODEL AND COMPUTATIONAL DETAILS
We start with a five-band Hubbard model in the un-
folded two-dimensional Brillouin zone (BZ). The kinetic
term
H0 =
∑
kℓmσ
hkℓmc
†
kℓσckmσ (1)
comes from the tight-binding model in LaFeAsO, and
the hopping integrals appear in TABLE II of Ref. 33.
Only the on-site Coulomb interaction is considered with
the common parametrization: the intraorbital Coulomb
U , the interorbital Coulomb U ′, the Hund coupling J ,
and the pair-hopping J ′. In the FLEX approximation,
2the normal Green’s functions Gℓm(k, iωn) for orbitals ℓ
andm are self-consistently determined from the following
equations,
Gℓm(k) = G
0
ℓm(k) +
∑
ℓ′m′
G0ℓℓ′(k)Σℓ′m′(k)Gm′m(k), (2a)
Σℓm(k) =
∑
q
∑
ℓ′m′
Vℓℓ′,mm′(q)Gℓ′m′(k − q), (2b)
Vℓℓ′,mm′(q) =
[
Uˆ↑↓ − 2Uˆ↑↑ − Uˆ↑↓χˆ
0(q)Uˆ↑↓
+
3
2
Uˆsχˆs(q)Uˆs +
1
2
Uˆ cχˆc(q)Uˆ c
]
ℓℓ′,mm′
. (2c)
Here the bare vertices Uˆs,c = Uˆ↑↓∓ Uˆ↑↑ with (Uˆ↑↓)ℓℓ,ℓℓ =
U , (Uˆ↑↓)ℓℓ,mm = U
′, (Uˆ↑↓)ℓm,ℓm = J , (Uˆ↑↓)ℓm,mℓ = J
′,
(Uˆ↑↑)ℓℓ,mm = U
′ − J , (Uˆ↑↑)ℓm,ℓm = J − U
′ for ℓ 6= m,
and the susceptibilities in the spin sector and the charge
sector are given by
χˆs(q) = χˆ0(q) + χˆ0(q)Uˆsχˆs(q), (3a)
χˆc(q) = χˆ0(q)− χˆ0(q)Uˆ cχˆc(q), (3b)
and
[
χˆ0(q)
]
ℓℓ′,mm′
= −
∑
k
Gℓm(k + q)Gm′ℓ′(k). (4)
With the straightforward application of FLEX, we en-
counter the double counting problem mentioned in the
Introduction. Therefore, as in Ref. 33, we subtract the
ω = 0 part of the self-energy in order to eliminate
the unwanted redistribution of the charge between or-
bitals. In Ref. 33 we argued that this mimics the effect
of the Hartree part of the electron-electron interaction,
which does not appear in our low-energy effective model.
The correction term ΣRℓm(k, ω = 0) was calculated at
T = 23K (Ref. 35) and used unchanged also at higher
temperatures so that the low-temperature Fermi surface
matches the LDA one, but at higher temperature small
modifications of the Fermi surface are allowed.36 Once
the correction term is fixed, this procedure equals the
standard FLEX approximation for a Hamiltonian with
the kinetic part, Hkℓm = h
k
ℓm − Σ
R
ℓm(k, 0) instead of h
k
ℓm.
Through this paper, we take 64 × 64 meshes in the
unfolded BZ and 1024 Matsubara frequencies, and U =
1.20eV and J = 0.25eV as the interactions with U =
U ′ + 2J and J ′ = J . The retarded quantities GRℓm(k, ω),
ΣRℓm(k, ω) and χ
R
s (q, ω) are obtained by the numerical
analytic continuation with use of the Pade´ approxima-
tion.
III. RESULTS AND DISCUSSION
A. Single-particle spectra and Fermi surface
The Fermi Surfaces (FS) formed by the renormalized
bands for fillings37 corresponding to heavy, n = 5.52,
FIG. 1: (Color online) Contour plots of the Green’s function,
−
∑
ℓImGℓℓ(k, ipiT )/pi, at T = 4meV≃ 46K for n = 5.52 (a),
5.92 (b), and 6.16 (c) in the unfolded BZ. Deep red corre-
sponds to the Fermi surface. The Fermi surface around M
point is the electron sheet at n = 5.92 and 6.16, but the hole
sheet at n = 5.52. The weight around Γ ′ point becomes small
at lower temperatures, since the band edge locates below the
Fermi level.
and moderate, n = 5.92, hole-doping and heavy electron-
doping, n = 6.16 are shown in Fig. 1. The broadening
comes from the imaginary part of the self-energy, arising
mainly from the magnetic scattering. The n = 5.92 FS
consists of hole sheets around the Γ and the Γ ′ points and
an electron sheet centered at theM point nested with the
well known vectors Q = (π, 0) or (0, π). Electron doping
leads, as expected, to shrinking of the Γ (Γ ′) hole sheets
and expansion of the M point electron surface, as shown
in Fig. 1c. At n = 6.16 the Γ ′ surface is reduced to
almost a point, which leads to a T dependence discussed
below. The n = 5.52 FS, similar to that of KFe2As2, has
large hole sheets around the Γ (Γ ′) points and a small
hole pocket around the M point.
Figs. 2a and 2b show the orbital-resolved spectral den-
sities ρℓ(ω) = −
∑
kImG
R
ℓℓ(k, ω)/π for n = 5.52 and
6.16. Like for the non-interacting bands, the Fermi level
EF = 0 falls to a vicinity of a spectral peak, more so
for the hole doped systems. The states on the Fermi
surface arise predominantly from dxz/yz and dx2−y2 or-
bitals. Their relative weight varies strongly with doping
and while on the hole-doped side the dxz/yz contribution
dominates over dx2−y2 , the reverse holds for the electron-
doping.
Figs. 2c and 2d show the T -dependent changes of the
spectral functions in the vicinity of the Fermi level. A re-
markable suppression of the dx2−y2 density at EF upon
cooling can be seen for n = 6.16, when the Fermi level
is located close to a step-like van Hove singularity at the
top of the Γ ′ band. The decreasing temperature leads
not only to reduced quasi-particle damping, but also to
a downward band shift and the corresponding shrinking
of the Γ ′ pocket. Such a variation of the spectral density
has been observed in the photoemission spectra,38 and
numerical study of Ref. 7. The shrinking of FS has been
also observed in LaFePO (Ref. 28) and BaFe2(As1−xPx)2
(Ref. 30). General arguments for correlation-induced
band shifts due to coupling of an asymmetric electronic
band to a bosonic mode, e.g. spin fluctuation, were given
by Ortenzi et al.39 Applying their reasoning together with
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FIG. 2: (Color online) The partial density of states ρℓ(ω)
(states/eV) at n = 5.52 (a) and n = 6.16 (b) at 46K. Temper-
ature dependence for dxz/yz and dx2−y2 orbitals at n = 5.52
(c) and n = 6.16 (d). Shown is remarkable suppression of
ρℓ(0) for dx2−y2 orbital at n = 6.16.
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FIG. 3: (Color online) (a) The self-energy for dx2−y2 orbital
at the Γ ′ point at 46K in units of eV. (b) Mass enhancement
factor zℓk for each orbital at k = (26pi/32, 0) around the M
point (solid) and k = (6pi/32, 0) around the Γ point (dotted).
the increase of spin-fluctuation density at low-T (Fig. 4),
indeed, leads to the observed shift of the Γ ′ band.
The main effect of electronic correlations in itinerant
systems is an enhancement of the quasiparticle mass.
In Fig. 3a, we use typical self-energies to demonstrate
that the scattering processes contained in FLEX lead
to quasiparticle renormalization over a rather broad en-
ergy range. In fact, we find a fair agreement between
the FLEX self-energy and the self-energy obtained with
LDA+DMFT for the five band model.40 This applies also
to the mass enhancement factors, except for the region
around n ∼ 5.92 where nesting, and thus strongly k-
dependent effects, dominate the physics. In Fig. 3b, we
show the doping dependence of the mass enhancement
factors zℓk for each orbital,
zℓk = 1−
∂ΣRℓℓ(k, ω)
∂ω
∣∣∣∣
ω→0
≃ 1−
ImΣℓℓ(k, iπT )
πT
, (5)
in the vicinity of the Γ andM sheets of the Fermi surface.
We observe an overall trend of increasing mass enhance-
ment from 2− 3 on the electron-doped side to over 4 on
the hole-doped side, which can be attributed to a growing
spectral density at EF (see Fig. 2a). In agreement with
this trend, a remarkably large mass enhancement fac-
tor is observed in dHvA on KFe2As2.
31 As shown below,
this can be because low-energy spin fluctuations become
featureless, Q-independent, similar to the heavy fermion
systems. The cusps in zℓk for dx2−y2 orbital at n ∼ 5.92
result from strong stripe-type AF spin fluctuations due
to the FS nesting.
B. Spin-excitation spectra
Next, we discuss the structure of the spin excitation,
ImχRs (Q, ω), at n = 5.52, 5.92, and 6.16, displayed
in Fig. 4. In the left panel we show contour plots of
ImχRs (Q, ω) along the high symmetry directions. The
right panel shows the variation of ImχRs (Q, ω) at fixed Q
with temperature.
For a moderate hole doping, n = 5.92, the strong low-
energy fluctuations (stronger than in the undoped case),
arising from FS nesting, are located around Q = (π, 0)
(see Fig. 4b). They exhibit strong enhancement at low T
indicating an incipient AF instability (Fig. 4e). Further
hole doping destroys the nesting between Γ (Γ ′) and M
sheets of FS, and increases the density of states at the
Fermi level as shown in Fig. 2a. This leads to rather fea-
tureless, Q-independent, and only weakly T -dependent
structure of the low-energy spin fluctuations as shown in
Figs. 4a, 4d, and 4g. A broad hump around Q = (π, 0),
which develops at low T , is due to scattering between
the Γ hole sheets and the M pocket, composed of dxz/yz
orbitals, in Fig. 1a.
In contrast, the electron doping results in suppression
of the low-energy spin fluctuations. For n = 6.16 the
(π, 0) spin fluctuations are remarkably suppressed, and
a gap opens in the spin excitation spectrum at low T as
shown in Figs. 4c and 4f. Recently, such a gap-like behav-
ior with heavy electron doping has been observed by the
inelastic neutron-scattering experiment.26 This behav-
ior is linked to the corresponding changes of the Fermi-
surface topology in Fig. 1c. As the electron doping leads
to the shrinking of the Γ (Γ ′) hole sheets and expansion
of the M electron sheet, the particle-hole excitation at
Q = (π, 0) requires a finite energy, and the correspond-
ing spectral weight moves to higher energies. The lead-
ing scattering channel becomes dominated by scattering
4FIG. 4: (Color online) Imaginary part of χRs (Q, ω) (µ
2
B/eV) along the high-symmetry line at n = 5.52 (a), n = 5.92 (b), and
n = 6.16 (c). Temperature dependence at Q = (pi, 0) and (pi, pi/2) at n = 5.52 (d, g), n = 5.92 (e, h), and n = 6.16 (f, i).
The system at n = 5.92 locates at around the stripe-type AF critical point. At n = 5.52, shown is Q-independent low-energy
excitation, while the gap-like behavior at n = 6.16.
between different electron (M) sheets, and the domi-
nant low-energy spin fluctuation moves to Q = (π, π/2),
as shown in Fig. 4i. Previous calculations showed that
the leading superconducting instability changes from s±-
wave to dx2−y2-wave around this doping.
33 This points
to the correlation between the structure of the spin fluc-
tuations and the superconducting pairing symmetry.
C. NMR 1/T1 and uniform susceptibility
Next, we discuss the local spin response mea-
sured in terms of the NMR-1/T1 relaxation rate.
Fig. 5a shows the temperature dependence of 1/T1T =∑
qImχ
R
s (q, ω)/ω|ω→0 for various dopings with the
hyperfine-coupling constant set to unity. The overall
trend of 1/T1T growing with the hole doping at high tem-
peratures follows from increasing ρℓ(0). At lower temper-
atures, 1/T1T is suppressed on the electron-doped side,
reflecting the reduction of ρℓ(0), as shown in Fig. 2d,
and the corresponding opening of a spin gap (Fig. 4c and
4f). Such suppression of 1/T1T with electron doping,
which is consistent with the previous works,7,41 has been
observed in LaFeAs(O1−xFx) (Ref. 12–15), LaFeAsO1−y
(Ref. 16) and Ba(Fe1−xCox)2As2 (Ref. 17). A remark-
able growth of 1/T1T in n = 5.92 and 5.80 cases comes
from the enhanced AF spin fluctuation shown in Figs. 4b
and 4e. Although such enhancement is suppressed with
further the hole doping, a slight increase can be ob-
served also for n = 5.52, originating from the broad
hump structure around Q = (π, 0) in Figs. 4a and
4d. The trends in 1/T1T are consistent with a remark-
able low-T increase in Ba0.72K0.28Fe2As2 (Ref. 18) and
Ba0.6K0.4Fe2As2 (Ref. 16,19,20), and a relatively small
increase in KFe2As2 (Ref. 21,22) at low temperatures.
Finally, we present T -dependence of the uniform sus-
ceptibility χRs (0, 0) in Fig. 5b. Roughly speaking, it ex-
hibits an increase with temperature independent of the
carrier doping except for n = 6.00 case. On the hole-
doped side, the tendency is accompanied by the devel-
opment of the AF fluctuation, in qualitative agreement
with a scenario studied in Ref. 43. On the electron-
doped side, it is consistent with the suppression of the
NMR-1/T1T and ρℓ(0), which is not accompanied by a
remarkable development of the magnetic fluctuation. Ex-
perimental observations shown clear a temperature de-
pendence on the electron-doped side in LaFeAsO1−xFx
and Ba(Fe1−xCox)2As2,
15–17,44,45 and a constant behav-
ior on the hole-doped side in Ba1−xKxFe2As2.
18,19 Thus,
we need further investigations for complete understand-
ing of the uniform susceptibility.
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FIG. 5: (Color online) (a) NMR 1/T1T as a function of tem-
perature. The vertical line is a logarithmic scale. Shown are
remarkable enhancement on the hole-doped side and suppres-
sion on the electron-doped side. (b) The uniform susceptibil-
ity χRs (0, 0) (µ
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B/eV), which overall decreases upon cooling.
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IV. CONCLUSIONS
In conclusion, we have investigated the normal-state
properties in the effective five-band Hubbard model
for the iron-pnictides using the FLEX approximation.
We have obtained a variety of trends in the spin dy-
namics and the electron correlations with the carrier
doping, which qualitatively agree with the overall fea-
tures observed in the (Ba,K)Fe2As2, Ba(Fe,Co)2As2 and
LaFeAsO systems, in particular, the gap-like feature in
(π, 0) spin-excitation spectrum in the heavily electron-
doped case, corresponding to the Ba(Fe1−xCox)2As2
with large x, and the weak Q dependence of the spin
fluctuation and the large mass enhancement in the heav-
ily hole-doped case, corresponding to the end material
KFe2As2. We find that the changes in the Fermi-surface
topology are the main driving force behind the observed
trends.
Acknowldgements
We are grateful to Y. Matsuda, T. Shibauchi, K.
Ishida, Y. Nakai, H. Fukazawa, S. Kasahara, K.
Hashimoto, H. Shishido, T. Takimoto, and K. Yamada
for fruitful discussion. This work is supported by a
Grant-in-Aid for Scientific Research on Priority Areas
(No. 20029014) and the Global COE Program “The Next
Generation of Physics, Spun from Universality and Emer-
gence” from the Ministry of Education, Culture, Sports,
Science and Technology, Japan.
∗ Electronic address: hiroaki@scphys.kyoto-u.ac.jp
1 Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono, J.
Am. Chem. Soc. 130, 3296 (2008).
2 H. Takahashi, et al., Nature 453, 376 (2008).
3 Z. -A. Ren, et al., EPL 83, 17002 (2008).
4 I. I. Mazin, D. J. Singh, M. D. Johannes, and M. H. Du,
Phys. Rev. Lett. 101, 057003 (2008).
5 K. Kuroki, et al., Phys. Rev. Lett. 101, 087004 (2008).
6 Y. Yanagi, Y. Yamakawa, and Y. O¯no, J. Phys. Soc. Jpn.
77, 123701 (2008).
7 H. Ikeda, J. Phys. Soc. Jpn. 77, 123707 (2008); Physica C
(to be published).
8 S. Graser, T. A. Maier, P. J. Hirschfeld, and D. J.
Scalapino, New J. Phys. 11, 025016 (2009).
9 T. Nomura, J. Phys. Soc. Jpn. 78, 034716 (2009).
10 F. Wang, et al., Phys. Rev. Lett. 102, 047005 (2009).
11 Z. -J. Yao, J. -X. Li, and Z. D. Wang, New J. Phys. 11,
025009 (2009).
12 Y. Nakai, et al., J. Phys. Soc. Jpn. 77, 073701 (2008).
13 H. -J. Grafe, et al., Phys. Rev. Lett. 101, 047003 (2008).
14 H. Mukuda, et al., J. Phys. Soc. Jpn. 78, 084717 (2009).
15 K. Ahilan, et al., Phys. Rev. B 78, 100501(R) (2008).
16 H. Mukuda, et al., Physica C 469, 559 (2009).
17 F. Ning, et al., J. Phys. Soc. Jpn. 78, 013711 (2009).
18 K. Matano, et al., EPL 87, 27012 (2009).
19 M. Yashima, et al., J. Phys. Soc. Jpn. 78, 103702 (2009).
20 H. Fukazawa, et al., J. Phys. Soc. Jpn. 78, 033704 (2009).
21 S. W. Zhang, et al., Phys. Rev. B 81, 012503.
22 H. Fukazawa, private communication.
23 A. S. Christianson, et al., Nature 456, 930 (2008).
24 S. Wakimoto, et al., arXiv:0906.2453.
25 D. S. Inosov, et al., Nature Phys. 6, 178 (2010).
26 K. Matan, et al., arXiv:0912.4945.
27 M. Wang, et al., arXiv:1002.3133.
28 D. H. Lu, et al., Physica C 469, 452 (2009).
29 M. M. Qazilbash, et al., Nature Phys. 5, 647 (2009).
30 H. Shishido, et al., Phys. Rev. Lett. 104, 057008 (2010).
31 T. Terashima, et al., J. Phys. Soc. Jpn. 79, 053702 (2010).
32 R. Arita and H. Ikeda, J. Phys. Soc. Jpn. 78, 113707
(2009).
33 H. Ikeda, R. Arita, and J. Kunesˇ, Phys. Rev. B 81, 054502
(2010).
34 Still, the Fermi-surface geometry for n ≃ 5.5 in Fig. 1a is
very similar to that of KFe2As2, which corresponds to 0.5
hole doping per Fe.
35 The lowest temperature T = 23K comes from the lim-
itation of 1024 Matsubara frequencies. More Matsubara
frequencies are required for calculations at lower tempera-
ture.
36 First, we carry out the FLEX with modified self-energy
6at T = 23K, following Ref. 33, and obtain the proper
self-energy shift in each doping case. When we subtract
the proper shift from the original tight-binding Hamilto-
nian hkℓm, the remainder, H
k
ℓm = h
k
ℓm − Σ
R
ℓm(k, 0), can
be reconsidered the proper unperturbed Hamiltonian in
each doping case. We apply the standard FLEX calcula-
tion without subtraction of the self-energy shift to this
proper unperturbed Hamiltonian at each temperature.
More precisely, ΣRℓm(k, 0) = ikℓΣ˜
R
ℓm(k, 0)i
∗
km should be
ikℓReΣ˜
R
ℓm(k, 0)i
∗
km, where ikℓ is a diagonal matrix to elim-
inate a trivial phase factor which appears in hkℓm, defined
in Ref. 33.
37 In LaFeAs(O1−xFx) and Ba(Fe1−xCox)2As2, x is n− 6 on
the electron-doped side. In Ba1−xKxFe2As2, x/2 is 6 − n
on the hope-doped side.
38 T. Sato, et al., J. Phys. Soc. Jpn. 77, 063708 (2008).
39 L. Ortenzi, E. Cappelluti, L. Benfatto, and L. Pietronero,
Phys. Rev. Lett. 103, 046404 (2009).
40 V. I. Anisimov, et al., J. Phys.:Condens. Matter 21, 075602
(2009).
41 L. Craco, and M. S. Laad, Phys. Rev. B 80, 054520 (2009).
42 We do not show data at T = 35K in χRs (0, 0) due to doubt-
ful accuracy, while an error in calculation of 1/T1T is av-
eraged due to the summation over k.
43 M. M. Korshunov, I. Eremin, D. V. Efremov, D. L. Maslov,
and A. V. Chubukov, Phys. Rev. Lett. 102, 236403 (2009).
44 R. Klingeler, et al., Phys. Rev. B 81, 024506 (2010).
45 X. F. Wang, et al., New J. Phys. 11, 045003 (2009).
